with varying properties have different effects on the surrounding tissue and, ultimately, on the rate of wound infection. 28, 31 Many surgeons previously advocated nonabsorbable, multifilament sutures. However, these sutures have been shown to develop chronic inflammation, 32, 33 and are vulnerable to contamination and infection. 32 , 34 Yildirim et al 35 have shown that nonbraided and absorbable sutures such as PDS (polydioxanone, Ethicon, Somerville, New Jersey) have sufficient holding capacity and strength. In a biomechanical systematic review 36 of 11 papers using a variety of different suture techniques including the Kessler, Bunnell and Krackow sutures for open repair, the Achillon device (wrightMedical, Memphis, Tennessee), the Ma-Griffith repair technique, the triple bundle technique, and the 'gift box' technique, it was found that the triple bundle technique, in combination with Ethibond sutures (Ethicon, Somerville, New Jersey), performed the best. This finding was later confirmed by Bevoni et al. 37 Percutaneous repair. The percutaneous method involves suturing the Achilles tendon through multiple small incisions, made under local anaesthesia without directly exposing the rupture site. In 1977, Ma and Griffith 38 described the percutaneous repair of an acute Achilles rupture (Fig. 1a) , which had the benefit of a relatively low re-rupture rate, while also reducing the rates of infection and other soft-tissue complications. In a prospective randomized controlled trial (RCT) of 33 patients comparing open and percutaneous methods, lim et al 39 reported a 21% postoperative infection rate in the open repair group and no wound infection in the percutaneous repair group. The re-rupture rates during the minimum followup of six months were 6% and 3%, respectively. Cretnik et al 40 conducted a comparative study of 237 patients and reported that the percutaneous repair group had a lower number of complications (9.7% vs 21%; p = 0.013). In another prospective RCT of 34 patients, Karabinas et al 41 found that there were no statistically significant differences between the open and percutaneous groups with respect to the time taken to return to activities, the American orthopedic Foot and Ankle Score (AoFAS), and patient satisfaction. Henríquez et al 42 retrospectively reviewed 32 patients, 17 who had percutaneous and 15 who had open repair, and observed similar values in both groups in terms of muscle strength, ankle range of movement (RoM), and single heel raise tests. The cosmetic appearance, however, was better in the percutaneous group with a smaller mean scar length (2.9 cm vs 9.5 cm). In addition, percutaneous repair may be a suitable option for the elderly, producing similar outcomes to those reported for percutaneous repair in younger patients. 43 Percutaneous repair has also been reported to be a good option for elite athletes, allowing for prompt return to sporting activities. 44 nerve injury. However, the two main weaknesses of percutaneous repair are the potential risk of sural nerve patients and those patients who demand greater function. 11, 12 Open repair. The direct open approach is a simple endto-end procedure using an extended posteromedial incision to expose the rupture site and then to oppose the tendon stumps, using various stitch patterns. [13] [14] [15] However, when the defect exceeds 3 cm, augmentation is needed. This is achieved by transplanting tissue matrix, 16 tendon grafts, 17 and performing a turndown flap of the gastrocnemius muscle. 18 However, it needs to be noted that two prospective randomized trials 19, 20 have failed to demonstrate any clear advantage of using augmentation.
Wound complications. open surgery around the Achilles tendon has a wound-related complication rate of between 8.2% and 34.1%, [21] [22] [23] of which at least half are due to infection. 24 wound-related complications are rated as major or minor, depending on their impact on the patient's quality of life. 21, 24 The Achilles tendon is more susceptible to infection than other parts of the ankle, owing to its relatively poor blood supply. 25 The retraction of soft tissue during surgery further increases the risk of infection and the use of tourniquets may also be detrimental to wound healing. 26 Corticosteroids, smoking, and diabetes mellitus have been shown to increase the risk of wound complications more than three-fold. 27 while there is no evidence to support the use of prophylactic antibiotics, 28 many surgeons continue to administer prophylactic antibiotics such as cefazolin. 29 Sutures. All suture materials can cause local immunological and inflammatory reactions. 30 Different sutures injury and the reduced strength of the repair. A nerve injury may result in a slight sensory disturbance, severe pain, or impaired function. 45 The incidence of iatrogenic nerve injuries associated with the percutaneous method was 13% in early studies. 46 In cadavers, high rates of transfixion of the sural nerve have been reported, 47, 48 and anatomical variations may exacerbate this rate. 49 In response to these complications, webb and Bannister 50 developed a percutaneous technique that involved only three midline skin incisions, keeping well away from the lateral side of the tendon, in order to protect the sural nerve (Fig. 1b) . Subsequently, wagnon and Akayi 51 retrospectively reviewed the results of 57 consecutive patients who underwent this improved percutaneous technique and no neurological damage was reported. Weak strength. The weak initial strength 48 and inadequate apposition of the tendon ends 52 are probably responsible for the relatively high incidence of re-rupture in patients undergoing a percutaneous repair. using a modified approach (Fig. 1c) , Cretnik et al 53 40 Carmont and Maffulli 54 modified the percutaneous method, using eight strands of suture material with a likely combined ultimate tensile strength in excess of 43 kg, and subsequently treated 73 patients with only one partial rerupture over the first year. (Fig. 1d) . 55 endoscopy and ultrasonography. Endoscopy-assisted percutaneous repair allows for direct observation of the stab wounds and controlled juxtaposition of the tendon ends without damaging the paratenon, thereby maintaining the blood supply and enhancing biological recovery. 56 Re-rupture is minimized and early postoperative ankle mobilization and weight-bearing can be carried out. The major advantages of real-time intraoperative ultrasonography are that it allows for the correct positioning of needles and permits accurate stump approximation. 57 It also eliminates the risk of sural nerve injury. 58 Nonetheless, these techniques require skilled and experienced surgeons and the availability of better hardware facilities. Mini-open repair. The original concept of a limited open procedure was to combine the advantages of both the open and percutaneous techniques, 59 allowing for direct visualization of the ruptured ends using a small incision. Several authors have developed this technique further (Table I) . [60] [61] [62] [63] Assal et al 64 published the results of a prospective multicentre study using a specially designed instrument, the Achillon device, which guarantees that all sutures are guided externally to the peritendinous region, thereby theoretically avoiding nerve entrapment 60 as well as protecting the paratenon, 65 and facilitating a faster recovery. 66 unlike the percutaneous technique, where the repair must be undertaken early, 67 limited open repair has been performed up to three weeks after injury. 68 The small skin incision allows for removal of any blood clot and interposed tissue and also reduces the risk of wound infection. 59, 64 visualization enables adequate 71 compared isolated early ankle movement exercises without early weight-bearing versus immobilization and where weight-bearing was initiated three weeks postoperatively. They reported that isokinetic calf muscle strength results were somewhat better in the early movement group, with only one re-rupture in 25 patients. In a RCT comparing two postoperative regimes in 110 patients, Suchak et al 72 showed that two weeks postoperatively weight-bearing improves health-related quality of life in the early phase, with no detrimental effects on recovery and no re-rupture in either groups during the six-month follow-up. Interestingly, in a RCT comparing aggressive with conventional rehabilitation De la Fuente et al 73 demonstrated that 20 patients, who received aggressive therapy based on immediate controlled mobilization combined with weight-bearing from the first day after surgery, had a higher ATRS, a lower verbal pain score, earlier return to work, and higher Achilles tendon strength. The re-rupture rates in both groups was 5% and the rates of other complications were 11% and 15% in the conventional and aggressive groups, respectively. Although aggressive rehabilitation starts immediately after surgery, a period of about two weeks of immobilization and non-weight-bearing may be preferred to allow for soft-tissue healing.
non-surgical treatment
Conservative treatment consists of immobilization and non-weight-bearing for at least four weeks after surgery. Historically, non-surgical treatment always tended to be offered to older patients and those with reduced functional demands, or who had distinct surgical contraindications. Recently, the decision to treat an acute Achilles tendon rupture non-surgically has improved by dynamic ultrasonography (Fig. 2) . lawrence et al 74 conducted a prospective cohort study of 38 patients and found that patients with a gap ≥ 10 mm, with the ankle in the neutral position following nonoperative treatment, had significantly greater peak torque deficit than those with gaps < 10 mm (p = 0.023), but there was no difference in ATRS (p = 0.467). Regrettably, however, their treatment programme did not involve early mobilization. using functional nonoperative rehabilitation, Hufner et al 75 reviewed the long-term results of 168 patients who fitted the inclusion criteria of: less than 10 mm of gap with the foot in a neutral position and complete apposition of the tendon stumps in 20° of plantar flexion, as demonstrated on ultrasound examination. The re-rupture rate was 6.4%, and 92 patients (73.5%) achieved good or better results at a mean of 5.5 years after injury. The authors proposed that a repeat ultrasound examination should be performed two to five days after the initial ultrasound to confirm the indications for nonoperative treatment. Also, all patients used a 3 cm hindfoot elevation for eight weeks followed by shoes with 1 cm hindfoot elevation worn for another three months to provide a longer protection for the tendon. Kotnis et al 76 reviewed the role of ultrasound in a group of patients who had a 5 mm gap or more in their Achilles tendon, when the foot was in equinus, who were treated surgically and were compared with a group of patients with a less then 5 mm gap, with the foot in equinus, who were treated conservatively. They reported no difference between operative and nonoperative treatment in the re-rupture rate (1.5% vs 3.4%), nor in other complications such as chronic pain (1.5% vs 1.7%), numbness (3.0% vs 0%), wound infection (3.0% vs 0%), or deep vein thrombosis (0% vs 1.7%). Moreover, in a cohort study of 45 patients, westin et al 77 categorized the gap between the two tendon ends as 0 mm to 5 mm, > 5 mm to 10 mm, and > 10 mm. when comparing surgical and non-surgical treatment, they found that, in the non-surgically treated group, three of four patients with a gap of > 10 mm suffered from re-rupture and patients with a gap of > 5 mm had a worse outcome in terms of ATRS (p = 0.004) and a lower heel raise height (p = 0.048) at 12 months. Therefore, a distance of less than 5 mm is more reliable to confirm adequate apposition of the tendon ends and hence is recommended as the cut-off point for conservative treatment. 
Functional rehabilitation
At many medical centres, postoperative and nonoperative functional rehabilitation is similar for Achilles tendon ruptures. The main difference between the two is that the surgical patients begin physical therapy earlier. 78 The most widely used functional protocols combine protected weight-bearing and early controlled movement in an orthosis. This begins with a period of immobilization, gradually progressing from the maximum equinus position to a neutral position, using an elevated heel insert to bring the ends of the tendon closer together. 79, 80 There is considerable variation among such protocols in terms of the period of absolute immobilization, the time to initiate weight-bearing and early movement, and the progression of weight-bearing status.
Immobilization versus motion
Qureshi et al 81 demonstrated that when a neutral ankle position was replaced with maximal plantar flexion, the mean gap decreased from 12 mm to 5 mm. They reported that this gap distance would further decrease to 2 mm in maximum equinus with the knee in flexion from 0° to 90°. Hence, below-knee cast immobilization with the foot in plantar flexion position was advocated. However, in our experience, eight weeks of immobilization of the limb in this position can have major disadvantages, including soleus muscle atrophy, increased re-rupture rates, deep vein thrombosis, and the loss of coordination and proprioception. on the other hand, immobilizing the ankle in equinus for one to three weeks is important in order to allow the haematoma to consolidate and also to restore the continuity of the tendon. 79 Aspenberg 8 has suggested that early controlled movement of the tendons leads to improved healing through the release of growth factors and animal studies have shown a threefold increase in the strength of the Achilles tendon with dynamic rehabilitation. 71 Tensile loading of the healing tendon by mobilization leads to fundamental changes in the biological process of tendon healing, resulting in accelerated restoration of the load to failure. 82 In a RCT of 35 patients, Schepull and Aspenberg 83 demonstrated that early tensile loading improves the elastic modulus of the healing human Achilles tendon after rupture. Arslan et al 84 evaluated 22 patients after one-sided open repair and found that early postoperative mobilization appeared to have no complications. Majewski et al 85 reviewed 103 patients who underwent percutaneous repair and different postoperative methods of mobilization. They reported that early restricted movement shortened the time taken for return to work from 37 days from 67 days; p = 0.042) with cast immobilization. Moreover, Nilsson-Helander et al 22 randomized 97 patients to either non-surgical or surgical treatment with early mobilization and suggested that early mobilization was beneficial for patients with acute Achilles tendon rupture regardless of whether they were treated surgically or non-surgically. Although the current literature tends to support early functional movement, one survey of orthopaedic specialists in the united Kingdom revealed that the median immobilization period was eight to nine weeks 86 and that functional bracing was not as widely used as below-knee cast immobilization.
Weight-bearing versus non-weight-bearing
Protocols using early weight-bearing have two major goals. First, mechanical loading enhances collagen maturation and consequently tendon healing. 8, 83 Second, the muscle atrophy associated with prolonged immobilization is prevented. 87 Clearly, however, weight-bearing increases the tension on the Achilles tendon, which may impede its healing. Clinical management therefore requires a balance between protected weight-bearing and functional loading. It has been suggested that weight-bearing has the advantage of convenience, 88 the possibility of an early return to work, 89 the promotion of plantar flexor activity, 82 improvement of coordination during gait and running, 90 and a good functional outcome with an enhanced quality of life. 72 The re-rupture rate for weight-bearing ranges from 0% to 4%, which is similar to operative treatment. Moreover, immediate weight-bearing has no detrimental effect on the outcome or re-rupture rate. 72, 88, 89 However, there is no consensus on weight-bearing management within the first two weeks. 91 Nevertheless, many centres choose similar weights (15 kg to 20 kg) for their initial partial weightbearing rehabilitation.
Accelerated dynamic rehabilitation has been an important development in Achilles tendon treatment. In 2007, Twaddle and Poon 92 concluded that obtaining a good functional outcome was dependent on early and prolonged dynamic rehabilitation therapy, regardless of the method for repair that was used, later confirming this in a meta-analyses of RCTs and in a systematic review. 93, 94 Previously, authors have argued that functional rehabilitation should begin in the first nine weeks to optimize unidirectional tensile strength. 95 However, recent treatment protocols longer than eight weeks in length have not been shown to improve functional outcomes. 96 Two studies that involved 945 consecutive patients 97 and 17 years of clinician experience 79 confirmed that functional management of the Achilles tendon leads to good outcomes and a low risk of re-rupture. Another study demonstrated that patients treated with functional weight-bearing mobilization showed glutamate upregulation and enhanced production of healing metabolites. 98 However, patient compliance is critical to the success of conservative interventions. 72, 88 non-surgical versus surgical Historically, nonoperative treatment has been associated with high re-rupture rates (9.7% to 12.6%). 21, 80, 99 one possible explanation for the difference in re-rupture rate between the non-surgical and surgical methods may relate to the composition of the healed tendon. with primary repair, the gap is minimized and thereby the proportion of the tendon composed of scar tissue is reduced. Achilles tendon scars reach only 57% of the normal maximum stress values after 12 months. 100 However, no significant differences were found between the two treatments in relation to tendon elongation (p = 0.31). 99 Elongation of the Achilles tendon has a negative effect on the muscle push-off strength, 79 produces gait abnormalities, 101 and lowers the power generation around the ankle. 102 The result is that many surgeons favour operative treatment because of the greater ankle joint range of movement, better quality of life, 15 and shorter time off work. 93, 99 However, when functional rehabilitation with early movement and early weight-bearing were adopted, willits et al 103 found that the re-rupture rates did not differ significantly between surgical and non-surgical patients (2.8% vs 4.1%). Furthermore, complications other than re-rupture, such as adhesions, sural nerve damage, and infection, were all higher in the operative group (26.6% vs 7.2%). 99 Biomechanically, in an animal model, when early functional activity was coupled with non-surgical treatment, superior fatigue properties were achieved. 104 Nonoperative management may be more suitable for functional rehabilitation than primary repair. However, this remains to be proven in a large RCT.
A retrospective epidemiological study revealed that the best surgical outcomes were achieved in male patients younger than 40 years, while functional bracing was better in female patients over 40 years of age. 105 Although recent high-quality RCTs and meta-analyses support the use of conservative treatment, there remain large discrepancies among different regions. In the united States, an analysis of 12 570 patients found that the ratio of operative to nonoperative treatment from 2007 to 2011 increased from 1.41 to 1.65, 106 while in Canada, a review of 29 531 patients from 2002 to 2014 reported that the operative treatment had significantly declined from 2009 (p < 0.001). 107 
Biological adjuncts
At present, tendon repair often results in healed tissue with poor structural, mechanical, and functional qualities, which newly emerging adjunct biological therapy may improve. Fibrin sealant, for example, is a bloodderived product that enables anatomical reconstruction with less soft-tissue compromise than suture repair. In a study of 64 patients comparing percutaneous suture and open fibrin glue, Knobe et al 108 reported that no significant difference was found regarding lower leg circumference, disability, or function at a median follow-up of 63 months. However, fibrin glues only provided adhesive properties and they lack signalling factors. 109 Platelet-rich fibrin matrix (PRF) is a second generation of platelet concentrate produced by centrifuging blood. It contains a highly complex pool of signalling factors that are critical to accelerating tendon cell proliferation and healing, which stimulate the synthesis of type I collagen and ensure the growth of healthy tissue. In a retrospective review of 20 patients who had undergone surgical repair with and without PRF, Alviti et al 110 found that the PRF group showed greater functional improvements, in terms of efficiency of movement, at six months. Sánchez et al 111 also achieved promising results in six athletes. Given the low activity and low number of cells in tendons, cellbased therapies for tendon repair seem an attractive proposition. Mesenchymal stem cells (MSCs) improve tendon healing by anti-apoptotic effect, differentiating into tenocytes and producing signalling factors. Stein et al 112 reviewed 28 tendons in 27 patients treated with open repair and bone marrow aspirate concentrate injection, which mainly consists of MSCs and growth factors. They reported excellent results without re-rupture, and only one patient had a superficial wound dehiscence after a mean follow-up of 29.7 months. However, most of these are studies with a low level of evidence and lack systematic functional evaluation. The results regarding the clinical efficacy of platelet-rich plasma (PRP) are contradictory and require validation by further research. PRP is known to contain more than 300 bioactive proteins, such as vEGF, IGF, PDGF, PDEGF, TGFb, and EGF. The resulting pool of growth factors is believed to enhance tendon healing by stimulating an inflammatory response and leading to early collagen deposition. Schepull et al 113 performed a randomized, single-blinded study of 30 patients and found no significant differences in the elastic modulus or functional outcome in the PRP group at 12 months. In a prospective study of 36 patients, Zou et al 114 reported that the PRP group had better isokinetic muscle, a better outcome, with improved ankle movement at three, 12, and 24 months, respectively. Furthermore, Alsousou et al 115 obtained tendon tissue biopsy samples from 20 patients with acute Achilles tendon rupture from the healing area of the Achilles tendon, six weeks after treatment with PRP or placebo controls. They reported PRP samples had an improved histological quality with better collagen I deposition, decreased cellularity, less vascularity, and higher glycosaminoglycan content.
In summary, controversy still exists regarding the best treatment strategy for acute Achilles tendon rupture. open surgery can significantly reduce the incidence of re-rupture, but the risks of complications are higher. Although percutaneous repair may reduce wound complications, there remains the potential of nerve damage. However, RCTs and meta-analyses have clearly demonstrated the benefits of early functional rehabilitation. In addition, bioactive agents may have the potential to enhance postoperative tendon healing.
It would also be of real interest to investigate the role of mechanical and biological factors in Achilles tendon healing, particularly at the molecular level using genomics, epigenetics, proteomics, and metabolomics.
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